ABSTRACT. Currently, one of the acclaimed alternatives for increasing maize yield is accomplished through utilization of heterosis in hybrid cultivars. However, upon performing crosses between related pairs, there are losses due to inbreeding depression. Thus, the aim of this study was to estimate inbreeding depression and the contribution of loci in heterozygosity in different types of maize hybrids. Eight treatments were evaluated, considering the F 1 and S 0 generations of four commercial hybrids. A randomized block experimental design was used, with three replications, and plots consisting of two three-meter long rows at a spacing of 0.50 m. The traits evaluated were plant height, first ear height and husked ear weight. For ear weight trait, there was a significant difference, where the treatments could be classified into three distinct groups. In this case, the single-cross hybrids AG7088 2 F.B.S. Botelho et al. Genetics and Molecular Research 15 (3): gmr.15035497 and 30F90Y exhibited greater depression through inbreeding due to the greater contribution of loci in heterozygosity and consequent predominance of deviations due to dominance.
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INTRODUCTION
Since maize is one of the most highly produced grains in Brazil, emphasis should be placed on the importance of high quality seeds for good performance and genetic quality, with the least possible effect of environmental factors on plant development. Genetic breeding is one of the main tools used to obtain cultivars that are more adapted to different environmental conditions. Among the alternatives used to obtain plants with characteristics greater than the mean value of their parents is the use of heterosis (Beck et al., 1990) . However, expression of heterosis depends on the differences in the allelic frequencies of the parent plants. Beck et al. (1990) affirm that, because of this, expression of heterosis is expected to be less in crosses between broad based open-pollination populations.
In the seed market, single-cross hybrid seeds stand out as the highest yielding, but high seed cost hinders their use by producers who cannot make use of more technically advanced growing practices and who use open-pollination seed varieties from their own corn cribs, and this results in low grain yield in Brazil (Ferreira et al., 2009) . Low grain yield occurs because, in these cases, there is inbreeding depression, which is simply loss of vigor due to crosses between related individuals.
The greater the frequency of loci in heterozygosity is in the population, the greater the possibility is of obtaining lines with different genetic makeup in the S∞ generation. In the event of dominance in the control of the target trait, as well as loci in heterozygosity, the occurrence of inbreeding depression in the population may be foreseen. In light of the above, it may be inferred that the estimation of inbreeding depression may indicate the contribution of loci in heterozygosity (d) in the population. Thus, in the comparison of two populations, as long as the contribution from the different loci is similar, the population with greater frequency of loci in heterozygosity will have greater inbreeding depression.
There are various studies that cite estimates of inbreeding depression for various characteristics using different maize populations but with common endosperm (Hallauer and Sears, 1973; Good and Hallauer, 1977; Viana et al., 1982; Lima et al., 1984; Nass and Miranda Filho, 1995; Vasal et al., 1995) . Nevertheless, in addition to varying results in relation to the genotype evaluated, the studies in the literature are mostly from the 1980s and 1990s.
Thus, it is important to estimate the loss of grain yield which comes from inbreeding depression in currently recommended genotypes. Consequently, the aim of this study was to estimate inbreeding depression in different types of maize hybrids, as well as measure the contribution of loci in heterozygosity to agronomic traits.
MATERIAL AND METHODS
The study was conducted at Universidade Federal de Mato Grosso in Sinop, MT, Brazil. Mean annual rainfall in the region is 2500 mm with two distinct periods composed of three dry months (June, July and August) and three months of intense rain (January, February and March). Climate classification is Aw, with mean annual temperature of 24°C, ranging from 18° to 40°C. The municipality is situated at 11°51'51''S, 55°30'09''W, with an altitude of 345 m. Soil in the location where the experiments were conducted is classified as Oxisol.
The F 1 and S 0 generations of different types of commercial hybrids (Balu761, 30F90Y, AG7088, and 2B688) were evaluated and their main characteristics are shown in Table 1 . The study was conducted in two distinct steps. In the first, the S 0 generation was obtained, i.e., the inbred generation; in the second step, the plants obtained by means of commercial seeds (F 1 ) and open-pollination seeds (S 0 ) were compared in regard to agronomic characteristics.
For the first step, the conventional tillage system was adopted, i.e., soil was prepared by disking, with later base fertilization, using 300 kg/ha 8-28-16 NPK. The four types of hybrids were sown in isolated fields in three three-meter rows, with a spacing of 20 cm between plants and 50 cm between rows. Side dressing fertilization was performed with the 18-0-18 NPK, and pest control was performed through application of the organophosphate chlorpyrifos, the pyrethroid imidacloprid and the benzoylurea teflubenzuron. Weeds were manually removed. When plants reached physiological maturity, the ears were harvested manually. The ears were husked and shelled, and the S 0 seeds were stored at 13% moisture.
For the second step, a conventional tillage system was also adopted, as in the previous experiment. A randomized block design was used, with eight treatments obtained with four distinct cultivars (Balu761, 30F90Y, AG7088, and 2B688) in the F 1 and S 0 generations. Three replications and plots of two three-meter rows were used, with between-row spacing of 50 cm, and sowing density of four seeds per linear meter. Crop treatments were the same as performed in the first step of the study.
The characteristics evaluated were: a) plant height: distance from the soil surface to the collar of the flag leaf, using a measuring stick, on five plants from the plot at random; b) first ear height: distance from the soil surface to the base of the first ear, using a measuring stick, on five plants from the plot at random; c) husked ear weight: the ears collected from each plot were weighed on a graduated scale.
After obtaining the data, analysis of variance was performed, considering each trait separately by means of the SAS Institute (2002) statistical program. The performance of the different hybrids in relation to the traits evaluated was compared using the Scott and Knott (1974) mean comparison test at 5% probability. For evaluation of experimental precision, the accuracy estimate was adopted (Resende and Duarte, 2007) .
Inbreeding depressions of each hybrid evaluated were estimated considering each trait by means of the following estimator: ID = [(F 1 -S 0 ) / F 1 ] x 100, in which: ID = inbreeding depression; F 1 = mean value of the F 1 generation; and S 0 = mean value of the S 0 generation. The contribution of the loci in heterozygosity was also estimated, using the following expression: d = 2(F 1 -S 0 ), in which: d = loci in heterozygosity; F 1 = mean value of the F 1 generation; and S 0 = mean value of the S 0 generation (Lima et al., 1984) .
RESULTS AND DISCUSSION
Accuracy was the parameter used to estimate experimental precision. According to Table 2 , the experiments exhibited high accuracy estimates, ranging from 70.5 to 97.0%, considering the traits of plant height and husked ear weight, respectively, According to Resende and Duarte (2007) , accuracy estimates greater than 70% indicate good evaluation quality of the experiments. Significant differences were detected between the treatments for the husked ear weight trait. It should be emphasized that the commercial hybrids stood out in relation to the inbred generation (Table 2) . Farias Neto and Miranda Filho (2000) showed in their study that plants coming from S 0 seeds (originating from self-pollination) exhibit greater depression in characteristics controlled by greater levels of dominance. As the maize plant is an allogamous species, it is favored by the genetic diversity of its parents; thus, the heterosis levels rise in accordance with greater diversity. For the characteristic of husked ear weight, this gain was more evident in the F 1 seeds, and decrease in yield brought about by inbreeding depression was observed in the S 0 generation.
In the ear weight trait, which represents grain yield strictly speaking, the expression of heterosis and losses through inbreeding depression are more evident due to the genetic complexity involved in control of the characteristic in question ( Table 2) .
As observed in Table 2 , the hybrids AG7088 (F 1 ) and 30F90Y (F 1 ) stood out, for they yielded the greatest mean values. The cultivars 2B688 (F 1 ), Balu761 (F 1 ) and Balu761 (seeds from the corn crib) were in the second group. In this case, the mean values were intermediate, and there was no statistical difference between them. It may be noted that the plants coming from F 1 seeds and corn crib seeds of the cultivar Balu761 showed statistically equivalent ear weights. That may be explained by the great stability and adaptation capacity of the doublecross hybrid, acquired from an extensive genetic base, which single-cross hybrids do not have. The cultivars 2B688 (corn crib seeds), AG7088 (corn crib seeds) and 30F90Y (corn crib seeds) were in the third group, which did not statistically differ between themselves and had the lowest mean yield values of the hybrids evaluated.
Considering the estimates of inbreeding depression and contribution of loci in heterozygosity, shown in Table 3 , it was seen that for the characteristics of plant height and distance from the soil surface to the base of the first ear, the estimates of inbreeding depression were of lower magnitude when compared to the estimates for the ear weight trait. In the literature, it is frequently stated that the estimate of inbreeding depression is a function of the contribution of the loci in dominance in expression of the trait. This fact was observed in this study ( Table 3 ). Notice that the traits of plant height and distance from the soil surface to the base of the first ear showed less inbreeding depression. Characteristics such as plant height and distance from the soil surface to the base of the first ear are controlled by few genes, which may explain the lower inbreeding depression. Evgenidis et al. (2001) demonstrated that the contribution of the loci in heterozygosity for yield characteristics was greater than that of loci in homozygosity, whereas in relation to plant height and distance from the soil surface to the base of the first ear, the loci in homozygosity made a greater contribution.
In the study of Maldonado and Miranda Filho (2002) , inbreeding depression for the plant height trait was from 1.0 to 12%, very near the values we obtained, which varied from 2.40 to 8.00% for the cultivars 30F90Y and Balu761, respectively. Inbreeding depression in the trait of distance from the soil surface to the base of the first ear was also low, ranging from -6.38% for 30F90Y to 10.87% for Balu761. Negative values for inbreeding depression may indicate a large number of loci in homozygosity, which maintains genetic stability of the cultivar and leads to less depreciation of the characteristics in question.
As for the ear weight trait, inbreeding depression reached values of high magnitude, with a minimum value of -20.28% for Balu761, and a maximum value of 83.24% for AG7088. Other studies estimated inbreeding depression for the ear weight trait and found values that were not very consistent, values much lower or intermediate in relation to the values found in this study. Studies such as those of Maldonado and Miranda Filho (2002) with maize showed that inbreeding depression in the plant height and ear height traits is not expressed as much as in grain yield. This is due to greater genetic complexity, showing that such a characteristic does not have complex dominance as much as characteristics inherent to yield.
In the study of Farias Neto and Miranda Filho (2000) , for example, the values of inbreeding depression were -10.1 and -11.3%. Maldonado and Miranda Filho (2002) evaluated two generations in three populations and obtained values from -14 to -4.1%.
Another parameter evaluated was the contribution of the loci in heterozyosity (d). Miranda Filho (1999) affirms that δ depends on the divergence between the lines and the existence of dominance in the control of the trait. Thus, to obtain good hybrids, it is necessary that progeny have good performance and that they should be divergent. In this study, the estimate of d, considering the characteristics of plant height and distance from the soil surface to the base of the first ear, was low, indicating little contribution from heterosis. For the first trait, the contribution from the loci in heterozygosity ranged from 0.08 m for the cultivar 30F90Y, to 0.16 m for the hybrid AG7088. Farias Neto and Miranda Filho (2000) obtained a value of 0.62 m for the plant height trait and 0.56 m for loci in heterozygosity. Maldonado and Miranda Filho (2002) estimated values that ranged from 0.112 to 0.758 m for the same trait.
For the first ear height trait, the d values were low, also indicating little genetic variation. The values obtained were -0.06 m for 30F90Y, 0.02 m for 2B688, 0.08 m for AG7088 and 0.1 m for Balu761. In the previously cited studies, the estimate of loci in heterozygosity was similar, as in Evgenidis et al. (2001) .
The estimate of loci in heterozygosity for the ear weight trait was high, as was already expected, due to the participation of many genes controlling the characteristic. This implies greater variability and, consequently, greater participation of heterosis in the results. The values obtained for the characteristic were -161 g for Balu761, 570.4 g for 2B688, 1315.8 g for 30F90Y and 1620.1 g for AG7088.
Considering 2B688, inbreeding depression for the ear weight trait was 49.09%. The greatest discrepancy between mean values of the generations evaluated was for AG7088, in which the mean value of ear weight for plants coming from commercial seeds was around 83.23% greater than that of plants coming from seeds from the corn crib.
The transgenic single-cross hybrid 30F90Y also exhibited a large difference, where the plants derived from corn crib seeds had a yield performance approximately 71% below that of plants obtained from F 1 seeds. As mentioned above, Balu761 did not show statistical difference in mean ear weight of plants from F 1 versus those from corn crib seeds.
Single-cross hybrids are derived from two lines; i.e., there is a narrow genetic base and there is less possibility of gene complementation. Therefore, significant effects from interaction between single-cross hybrids and locations are frequently seen since the narrow genetic base of these hybrids allows a more differentiated response in regard to locations of evaluation than in the case of double-cross hybrids and cultivars of a broader genetic base (Hallauer et al., 2010) . These effects mean greater losses for single-cross hybrids than for double-cross hybrids, which have less hybrid vigor but greater capacity for adaptation and less loss through inbreeding. Double-cross hybrids have a smaller number of loci in heterozygosity, responsible for deviations of dominance (not inheritable), which provided for greater stability when compared to single-cross hybrids.
It was possible to observe the occurrence of inbreeding depression for the husked ear weight trait. That did not occur for the plant height and first ear height characteristics. For the husked ear weight characteristic, the hybrid that showed the least loss of vigor was the conventional double-cross hybrid Balu761, whereas the hybrid that showed the greatest inbreeding depression was the conventional single-cross hybrid AG7088.
CONCLUSIONS
With the estimate of the contribution of the loci in heterozygosity, the predominance of deviations due to dominance was observed for all the characteristics evaluated. Therefore, for the maize crop, the ideal situation is for the producer to make use of commercial genetic seeds. The greatest inbreeding depression was observed in the conventional single-cross hybrid.
